Background: Emergency room physicians are frequently called upon to assess eye injuries and vision problems in the absence of specialized ophthalmologic equipment. Technological applications that can be used on mobile devices are only now becoming available. Objective: To review the literature on the evidence of clinical effectiveness of smartphone applications for visual acuity assessment marketed by two providers (Google Play and iTunes). Methods: The websites of two mobile technology vendors (iTunes and Google Play) in Canada and Ireland were searched on three separate occasions using the terms "eye", "ocular", "ophthalmology", "optometry", "vision", and "visual assessment" to determine what applications were currently available. Four medical databases (Cochrane, Embase, PubMed, Medline) were subsequently searched with the same terms AND mobile OR smart phone for papers in English published in years 2010-2017. Results: A total of 5,024 Canadian and 2,571 Irish applications were initially identified. After screening, 44 were retained. Twelve relevant articles were identified from the health literature. After screening, only one validation study referred to one of our identified applications, and this one only partially validated the application as being useful for clinical purposes. Conclusion: Mobile device applications in their current state are not suitable for emergency room ophthalmologic assessment, because systematic validation is lacking.
Background
Clinical utility of available smartphone applications for emergency health care providers who evaluate ophthalmologic complaints has not yet been established. Emergency room physicians evaluate a variety of ophthalmologic emergencies, including acute glaucoma, retinal detachment, and episcleritis/scleritis. These emergencies potentially threaten vision and require careful visual examination. A quick, accessible, portable electronic tool that evaluates vision in patients of all ages at the bedside is required. [1] [2] [3] [4] Before use, however, such tools need to be rigorously evaluated. Transferring a tool from its paper to smartphone version does not necessarily mean that reliability and validity remain intact. [5] [6] [7] Visual acuity (VA) tools (eg, Eye Handbook, Visual Acuity XL) are available on smartphones, and are employed variably in emergency departments. VA tests give clinicians an estimate of a patient's ability to perceive spatial detail, 8 and are one aspect of a
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Charlesworth and Davidson full assessment. VA is the easiest and most important test for bedside evaluation, because it correlates positively with both quality of life and degree of limitation in independent activities of daily living, especially in the geriatric population. [9] [10] [11] Evaluation of VA faces a number of challenges [12] [13] [14] as it comprises detection acuity (ability to interpret visual stimulus and note if present or absent), resolution acuity (ability to evaluate and express if all the spatial detail is absorbed and resolved from the background), and recognition acuity (ability to identify a target and recognize it). This evaluation can be especially difficult when assessing young children 13 or the elderly. 15 Today, eye care professionals use the Bailey-Lovie chart 14 and the Early Treatment of Diabetic Retinopathy Study (ETDRS). 16 Both tools have standard letter optotypes (letter-like images) with five optotypes per line. These tools correlate well with ocular pathology in the adult population and are the gold standard for VA. In research circles, VA is now expressed in terms of logarithm of minimum angle of resolution (logMAR) equivalents, as opposed to Snellen equivalent distances (eg, 20/40 feet [6/12 m]), although the latter are often still used in modern emergency departments. 13, 17 There are smartphone applications for VA tests that could replace the older paper versions. The problem is that these applications may not have undergone the rigorous methodological assessment necessary for either screening out pathological conditions or arriving at an accurate diagnosis. Previous reviews of smartphone applications in other areas of medicine have demonstrated substantial variation in quality. [17] [18] [19] [20] Quality is especially important in acute care settings, where urgent treatment decisions need to be made. The aim of this paper was to assess the evidence for the usefulness and validity of selected smartphone applications intended for ophthalmologic assessment of acute eye emergencies.
Methods
This systematic review identified relevant smartphone applications in Canada and Ireland through a search of the websites of two mobile technology vendors (iTunes and Google Play) on three separate occasions between November 2014 and July 2017 using the search terms "eye", " ocular", " ophthalmology", " optometry", " vision", " and visual assessment". Secondly, we searched four medical databases (Cochrane, Embase, PubMed, Medline) for research papers on the applications we had identified. We used the same search terms, with the addition of "mobile" or "smartphone". We included only papers written in English from 2010 to 2017. During the whole analysis, the two authors performed data extraction independently, and conflicts on pertinence were resolved by discussion. This systematic review thus evaluates existing smartphone applications marketed to health care professionals for the determination of VA in Canada and Ireland.
Application search

Identification of mobile applications
An iterative ongoing search in both countries for applications in online stores for iPhone (iTunes, App Store) and Google Play (Google Play) was done, with search terms ( Figure S1 ) altered for use in each database. Both authors independently reviewed applications for inclusion on the basis of a priori criteria ( Figure S2 ). The final update was completed in November 2017. The search was limited to the two stores listed, as they represent the majority (99.7%) of smartphone user platforms according to the International Data Corporation Worldwide Quarterly Mobile Phone Tracker (May 2017) and make up the majority of the market share in the two target regions. 21 
Selection criteria
English language applications marketed for evaluation of vision by health care professionals were screened by title and description. Applications that were targeted for educational purposes/knowledge dissemination, games, self-monitoring, multimedia/graphics, recreational health and/or fitness, business, travel, weather, or sports or were clinically outdated were all excluded. Where it was unclear whether the application should be included, further review of any linked websites was performed.
Data extraction and encoding
Data elements extracted included year of release, affiliation (academic, commercial), target as stated, content source, and cross-platform availability (for use with tablets and/or computers). A preliminary coding system was developed based on the first application store.
Health literature search
A systematic search was conducted of the four major databases ( Figure 1 ) from January 1, 2010 to July 31, 2016. The search strategy was developed in consultation with a medical librarian and methodological search professional ( Figure S1 ). This was supplemented with a review of relevant reference material for any missed literature. 
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Smartphone applications for eye emergencies Final data set n=12
Included by a priori criteria
Full-text articles reviewed n=65
Full-text articles n=72
Screened on abstract n=244
n=1,380 n=404
Identification of articles for literature review Selection criteria, data extraction, and coding
Twelve relevant articles were identified in the literature using the processes described ( Figure 1 ). Additional exclusion criteria for articles included preclinical studies or those addressing clinically specialized ophthalmologic/neurological populations not seen in the emergency room (Table S1) .
Results
Applications
A total of 44 applications were retained in the final data set after screening of 7,595 applications. In the Canadian iTunes store, 2,526 applications met our initial search criteria. Of those, 927 were unique and suitable for detailed review ( Figure 2 ): 229 were screened by title, of which 21 were selected based on description. Similar selections were made in Google Play. The results were combined and four additional duplicates removed, to obtain a final data set of 24 applications whose characteristics are summarized in Table 1 . The Irish iTunes store had substantially fewer applications and duplicates, with 1,100 applications identified and 307 duplicates removed, to obtain a total of 793 applications to be screened by title (Figure 3 ). On the two Canadian stores, on average Google Play had a much lower percentage of on-target applications (0.5% vs 2.3%), and iTunes had a much higher percentage of costing submit your manuscript | www.dovepress.com
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Charlesworth and Davidson No longer present in app store n=9
Not in English n=7
No longer present in app store n=23
Not in English n=13
Duplicates n=4
Final data set n=24
Selected based on description n=7
Selected based on description n=21
Selected based on title n=257
Unique n=927
Selected based on title n=229
vs free applications (52% vs 29%; Figure 4 ). Applications in the Google Play store were more likely to be free and less expensive overall. This trend was also seen in the Irish store ( Figure 5 ). In the iTunes store, only a single application cost above $200, but 19% of the identified applications carried a cost of $50 or more ( Figure 4 ). Of applications that appeared in both stores, 50% (n=2) remained free regardless of where they appeared. One app was more expensive in the iTunes store, and one was more expensive in Google Play. Again, this trend was also seen in the Irish stores. None of the listed providers are academic institutions. One application (4%) referred to an academic affiliation in the form of a validation study from the University of Auckland. The majority (75%, n=18) of the identified applications originated from companies. Individuals provided the remaining 21% (n=5) of applications, while 4% (n=1) of applications did not list any provider.
Eighteen of 24 applications in the two Canadian stores vs 22 of 24 in the two Irish stores (75 vs 92%) explicitly indicated which health care professionals they were directly marketed toward. Targeted professionals included medical doctors, ophthalmologists, opticians, and medical students, to name a few. However, 58% of these applications in Canadian stores vs 42% in Irish stores included some sort of disclaimer, eg, "Should not be used as a primary visual acuity measuring tool, it can provide a handy rough vision screen when a chart is not available, or it can be used to complement static, wall-based Snellen charts" (Eye Chart HD by Dok LLC).
In the Canadian stores, four applications (17%) claimed they were validated although none, when investigated, had used large-scale head-to-head studies under clinical conditions or included a variety of modern smartphones or tablet technology. In the Irish stores, even fewer (two of 24, 8%) applications stated some type of validation. Of the four validated Canadian applications, Visual Acuity XL showed the most methodological rigor, as evidenced by its reference to an affiliation with the University of Auckland and a 2013 validation study by Black et al. 22 All four of the validated applications were available in the iTunes store, but only one, Pocket Eye Exam by Nomad, was also available on the Google Play platform. In the Irish stores, validated applications appeared only in the iTunes store ( Table 2) .
Of note, applications varied by country, although 58% (14 of 24) of applications were present in both countries. Each country had ten distinct applications. Moreover, within a given country, applications were not universally available for both platforms. For example, KyberVision Japan's Visual Acuity XL, the most robustly validated application, was available in both countries, but only on the iTunes platform.
Overall, only 21% (n=5) of applications in the Canadian store were affiliated with academic institutions, which (given limited information) was our best proxy measure for academic rigor. Only one application, Visual Acuity XL, explicitly mentioned a validation study. In the Irish store, the same four applications were affiliated with academic institutions. The additional application in the Canadian store 
32
Charlesworth and Davidson spoke of a research group without explicitly naming an affiliated academic institution. However, it was retained based on consensus of the investigators.
Systematic review of the literature
Twelve relevant articles were retained from an initial 5,648 identified by the systematic review of the literature (Figure 3 ). Only ten of 15 assessed methods of validation for smartphone applications. Two review articles spoke about a variety of applications, but primary data sources were not identified. Cheng et al 23 discussed in limited fashion some of the chal- No longer present in app store n=9
Not in English n=7
Not in English n=13
lenges in this area in 2014. Mostly, articles compared one to three applications on the basis of a specific smartphone or tablet. One of the articles discussed validation of the Eye Handbook vs a near vision chart and identified that the application tends to overestimate near-VA vs conventional near vision card by an average of 0.11 logMAR (P<0.0001). Given the rate of mobile technology change or upgrade, 21 the specific applications reviewed here are likely already obsolete. Moreover, there is poor correlation of the literature with the identified smartphone applications. There is poor cross-referencing between the applications and the health 
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Smartphone applications for eye emergencies 24, 25 this was not referred to in the online platform of the application (Table 3 ). This makes it impossible for busy health care professionals to distinguish a validated application from among the others.
Discussion
This systematic review demonstrates that despite the availability of many mobile device applications for ophthalmologic assessment, they are either not suitable for the emergency room or else systematic validation is lacking. A combination of 5,024 Canadian and 2,571 Irish applications were identified on Google Play and iTunes as having the potential for use in ocular emergency diagnostics. Less than 1% of the identified applications (n=44) were unique and on target as potentially suitable. Four applications that were available in both stores and one additional one from a Canadian store only (n=5) were affiliated with an academic institution. Only a single application explicitly cited a validation study in its online store. This validation, based on the current standards of best practice, would have to be described as only partial.
When searched in the academic literature, three applications -Visual Acuity XL, Eye Handbook, and AmblyoCare -had some evidence of validation. The Eye Handbook was validated by a single study 26 on iPhone 5, but did not address issues of glare, which in studies of other applications have been shown to make the results unreliable. 27 Black et al 22 used a cross-sectional design with a convenience sample of 85 healthy volunteers to demonstrate that a first-generation iPad and Visual Acuity XL could reproduce gold standard eye chart evaluation data, but only with significant attention to position and modifications to the tablet's screen to avoid glare. Outside these standardized conditions, iPad results were significantly poorer than standardized paper-based/wall-mounted eye charts. 28 Aurora et al 28 noted the advantage of preliminary screening using the Eye Handbook application for purposes of home monitoring or public health data, but considered it not yet useful in the clinical setting. These authors did not comment • mean of 0.003 and SD +/−0.09.
• +/−2SD = 0.17 (95 % CI ) Low contrast acuity measurements:
• mean difference of 0.02 and a SD +/−0.12.
• +/− 2SD 0.23 (95 % CI) • The mean differences:
• smartphone vs ETDRS 0.07 (95% CI, 0.05-0.09)
• smartphone-based test and Snellen acuity data 0.08(95% CI, 0.06-0.10) logMAR.
• The agreement of Peek Acuity and the ETDRS chart was greater than the Snellen chart with the ETDRS chart (95% CI, 0.05-0.10; P= .08).
• minimal training and took no longer than the Snellen test (77seconds vs 82 seconds; 95% CI, 71-84 seconds vs 73-91 seconds, respectively; P= 0.13). vs ETDRS chart and a standard computerised testing system (n=56) due to glare.
• iPad with an antiglare screen + positioning away from sources creating reflected (veiling) glare = equivalent VA to gold standard (n=29).
Comparison
Visual acuity measured under a number of conditions.
Tablets are only suitable for use measuring VA in situations where sources of glare can be eliminated.
• Technological advancement: higher resolution screens.
• Distance acuity measurements at 6 m were not limited by the resolution of the screen, as they were indistinguishable from the printed ETDRS chart measurements.
Brady et al 34 
Validation Study
in participants' homes and temporary clinic settings in rural Kenya 300
• test-retest variability of smartphone acuity data were ±0.029 logMAR.
• mean differences smartphonebased test and the ETDRS chart • Required minimal training and took no longer than the Snellen test (77 seconds vs 82 seconds; 95%CI, 71-84 seconds vs 73-91 seconds, respectively; P = .13).
Comparison
• monocular logMAR visual acuity scores for: ETDRS chart logMAR, Snellen acuity, and Peek Acuity.
• lack of peer review after publishing remain.
• Need for evidencebased principles and standards of app development to be adopted in this emerging area.
Single store, no accompanying literature analysis. • Low-vision subjects slightly poorer repeatability
• Poor agreement with the PelliRobson test (1.30 T 0.30).
• Precision 
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Smartphone applications for eye emergencies Perera et al 37 • Review of Snellen equivalent for optotype size.
• Prospective cohort study visual acuity using the 'Snellen' application on an Apple iPhone4.
88
• logMAR of mean difference in visual acuity iphont versus paper was 0.02 logMAR (95% limit of agreement −0.332,
logMAR).
• The subgroup of patients with 6SVA worse than 6/18(n=5) had the largest mean difference. This difference is equivalent to two Snellen visual acuity lines between the charts (0.276 logMAR). • the visual acuities were not always the best-corrected visual acuities. Finally,
• only one mobile app was evaluated as a representative application.
Tofigh et al
26
Cross sectional comparison of near visual acuity.
• 
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• strong linear correlation (r50.92)
• mean difference in acuity 0.005logMAR ( less than one letter 95% CI,0.03 to 0.02)
• The 95% CI was 2 lines.
• Test-retest reliability 81% of retest scores within 0.1 logMAR (5 letters) and 100% within 0.2 logMAR (10 letters).
• intra-class correlation coefficient of 0.93, and a standard error of measurement of 0.08 • Better vision: 182 eyes with VA better than 0.1 according to the light-box VA test. The median logMAR VA by the iPad was 0.54 and by the light-box chart it was 0.52; there was no significant difference between them (P¼0.69).
• In Group 2, Low vision, there were 58 eyes with VA equal to or worse than 0.1 according to the light-box VA test. The median logMAR VA by the iPad was 1.26 and was 1.10 by the light box; the result from the iPad was significantly lower(P,0.001). • No strict standardization in the examination process and examination conditions.
• The brightness of the iPad screen could not be adjusted to be precisely the same as the light-box chart because a light meter was not available.
• The height of the light box could not be adjusted to suit each patient's eye height.
• The reading scales of the two kinds of charts were not identical. 
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Smartphone applications for eye emergencies on the reliability or validity of the Eye Handbook adapting the gold standard ETDRS into a now obsolete application for an iPod touch and an iPhone 3G. They did not address the impact of screen glare or size of the device on the patient's required distance from it and how these variables impacted test validity either. The online store text for the AmblyoCare 28 application indicates that it is registered as a medical device with the Austrian medical board. However, no original research data for this application came up in our literature review, making the limits of this application for clinical use unclear. 28 Therefore, there is a lack of transparent validation of this tool that is accessible to health-care professionals.
The difficulty with all these applications is that adapting a visual chart, eg, a Snellen chart, to the varying screen sizes/properties of various smartphone devices does not ensure that the size, font, or required distance from the image preserve the diagnostic properties of the original paper chart. 5, 7, 29, 30 One may argue that these tools could provide a rough estimate of vision sufficient for an emergency clinician. However, we would respond by saying that the results of tools that have not been validated cannot be usefully compared to known benchmarks to make treatment decisions concerning a patient's eyesight. For example, if an application categorizes someone's sight as normal, that is not comparable to 20-20 vision on a logMAR chart. Such results may generate treatment decisions based on faulty information.
Limitations
We did not examine smaller electronic markets, and our analysis looked only at the description of the application. Applications for non-English-speaking foreign markets were excluded from the review. We did not address the variation in regulatory requirements in the different global markets. We did not ask the opinion of professionals in this field, as some studies similar to ours have done.
Conclusion
We conclude that efficient regulation and standardization of valid clinical tools for smartphones are needed. 18, 31, 32 This is a major challenge. One possible solution could come from the business world. Instead of free ad-based revenue passed to individual health care professionals, which rewards individual developers with low-quality applications, a business case can be developed to amalgamate resources, first nationally and perhaps eventually internationally, to fund high-quality applications that can be used globally. This would consolidate funds and expertise into a high-quality validated application that has international value (on a par with paper tools).
Despite the bright future for smartphone technology, mobile device applications in their current state are not suitable for emergency room ophthalmologic assessment. Furthermore, education for clinicians about measurement science and the limits of technological validation is also required. The importance of quality electronic diagnostic tools for patients and the challenges introduced by nonvalidated tools need to be disseminated to all health professionals.
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